We image the relative orientation of organized groups of noncentrosymmetric molecules (like collagen or myosin) at the micron scale in biological tissues by combining interferometry and Second Harmonic Generation (SHG) microscopy.
Introduction
Second Harmonic Generation (SHG) microscopy is used for tissue imaging, in particular to image the organization of noncentrosymmetric proteins like collagen in tendon [1] and myosin in muscle [2] . While SHG microscopy allows to measure the average amplitude of the second order nonlinear susceptibility tensor ( (2) ) at the micron scale, this technique does not measure the phase of the SHG signal. Since two identical noncentrosymmetric molecules with opposite orientations will emit SHG light with a phase shift, knowing the phase of the SHG would provide additional information about the relative orientation of the proteins.
Experimental Setup
To measure the SHG phase, we integrated an interferometer in our SHG microscope setup. Before sending the beam at the fundamental wavelength in the microscope, it goes through a quartz crystal to generate a reference SHG beam and through a glass plate that can be rotated to control the relative phase difference between the reference SHG and the SHG generated in the sample. The interference of the reference SHG with the sample's SHG allows to obtain the phase of the sample's SHG. Inteferometric SHG (I-SHG) microscopy has been used in the past for imaging noncentrosymmetric materials such as periodically poled [3] and organic [4] crystals, but it had not been used to image biological tissues until now.
We confirmed that the setup worked properly by testing it with a Lithium Niobate periodically poled crystal sample at first. The poled domains clearly emitted a phase shifted SHG signal since the interference observed in these areas was the opposite to what was observed in the rest of the crystal.
Results
Long aligned fibrillar structures are seen in the SHG images of tendon (fig 1(c) ). I-SHG images reveal, in addition, that these structures emit SHG signal at different phase. In average, this phase difference is close to and is highlighted in figure 1(a) in which green and red structures show areas emitting SHG interfering constructively and destructively with the reference SHG. Note that the phase of the SHG signal is maintained in the tissue along the fibrillar axis of the collagen over length that can exceed 150 microns. This means that the overall orientation of the noncentrosymmetric structures changes very slowly along the collagen fibril axis, but it can change quite rapidly along the direction perpendicular to the fibrils since the domains in I-SHG images are very narrow (approximately 1 to 15 microns).
To explain this behaviour, we performed simulation with a model in which collagen fibrils are represented by long aligned cylinders with a scalar (2) that can have a positive or negative sign depending of the fibril orientation. We then simulated the SHG generated by such a structure when using a tightly focussed beam. When the number of fibrils in the tissue with a positive (2) is very close to the number of fibrils with a negative (2) , the SHG phase generated is random and can vary quickly over short distances. However, when there are more fibrils with a positive 978-1-55752-973-2/13/$31.00 ©2013 Optical Society of America CTu2M.2.pdf CLEO:2013 Technical Digest © OSA 2013 (2) , the emitted SHG phase becomes well defined and is the same as a single fibril with a positive (2) would emit. As expected, when there are more fibrils with a negative (2) , the emitted SHG phase also becomes well defined and is the same as a single fibril with a negative (2) would emit (which is phase shifted from the SHG emitted by a fibril with a positive (2) ). We estimated that the ratio of fibrils with a positive (2) to the total number of fibrils is varying between 0.47 and 0.53 at different location in rat tail tendon tissue. This ratio tends to vary very slowly along the fibril's axis, but it changes very quickly in the transverse direction. This model explains the shape of the domains seen in the images obtained with I-SHG microscopy in tendon.
Sarcomere units in muscle appear as brighter lines in SHG microscopy images (fig 1(d) ). With a very high resolution, a dip in the signal can also be observed in the middle of the sarcomere [5] . In I-SHG images, sarcomere units appear as two lines (green and red) (fig 1(b) ). The structure emitting SHG in muscle is myosin, a protein that regroups to form bipolar filaments in sarcomere [6] . I-SHG microscopy images reveal that the SHG is emitted at two very well defined (and opposed) phases, just like in a periodically poled crystal. This highlights the bipolarity of myosin filaments as opposed to SHG microscopy that only suggests it with a small dip in the signal. 
Conclusion
The results obtained with I-SHG microscopy show that this technique provides additional information about the structural organization of tissues containing large groups of noncentrosymmetric proteins and is complementary to standard SHG microscopy.
